Hydrogels containing benzo-18-crown-6 were used to modify microcantilevers for measurements of the concentration of Pb 2+ in aqueous solutions. These microcantilevers undergo bending deflection upon exposure to solutions containing various Pb 2+ concentrations as the result of a swelling or shrinking of the hydrogels. It was found that a concentration of 10 -6 M Pb 2+ can be detected using this technology. Other cations, such as Na + , have no effect on the deflection of this cantilever. The cation K + , which also complexes with benzo-18-crown-6, could interfere with Pb 2+ detection, but only at high concentrations (> 10 -4 M).
Microcantilevers have proven to be an outstanding platform for chemical and biological sensors. [1] [2] [3] [4] [5] [6] [7] [8] [9] One unique characteristic of microcantilevers is their ability to undergo bending due to a molecular adsorption or binding-induced change in the surface tension. This is achieved by confining the adsorption to one side of the cantilever. Microcantilever bending occurs in both air and solution.
The key to microcantilever sensor development is to choose appropriate coatings for the identification of chemically specific species. A good coating candidate is stimuli-response hydrogels, which change the volume in response to small changes in the environment. Such a behavior has led to efforts to develop chemical and biological sensors for species such as glucose, 10 and Pb 2+ . 11 The sensor platforms investigated to date include electrode, 12 fluorescence, 13 and crystalline colloidal array reflection. 14 Taking advantage of the volume-changeable property of the hydrogel, recently, we reported a CrO4 2-sensor based on a hydrogel-coated microcantilever. 15 Tetraalkyl ammonium groups were used to form an ion pair with CrO4 2- . The hydrogel became contracted or swollen upon exposure to CrO4 2-, which bent the microcantilever. It is expected that such hydrogelcoated microcantilevers could be used to prepare many microcantilever-based chemical and biological sensors when different molecular-recognition agents are immobilized in the hydrogel. In this paper, we report that microcantilevers coated with a benzo-18-crown-6 moiety containing hydrogel could be used for the detection of Pb 2+ .
We used commercially available silicon microcantilevers (Veeco Instruments, CA) in all of our experiments. The dimensions of the V-shaped microcantilevers were 180 µm in length, 25 µm in leg width, and 1 µm in thickness. One side of the cantilever was covered with a thin film of chromium (3 nm), followed by a 20-nm layer of gold, both deposited by e-beam evaporation. The other side of the microcantilever was silicon with a thin naturally grown oxide layer.
The chemicals used in these experiments, including acrylamide (AMD), the cross-linker N,N′-methylenebisacrylamide (bis-AMD), and the UV photo-initiator diethyoxyacetophenone (DEAP), were used as received from Aldrich. The 4-acrylamidobenzo-18-crown-6 (AAB18C6) was purchased from Across Organics. High-purity deionized water was obtained with a Milli-Q water system (Millipore). The Pb(NO3)2, NaNO3, and KNO3 solutions used in our microcantilever deflection experiments were prepared in deionized water. The pH of all these solutions was 7.0 ± 0.1. The precursor solution contained 2.1 mmol of AMD, 0.06 mmol of AAB18C6, 0.072 mmol of bis-AMD, and 0.0072 mmol of DEAP dissolved in 3 mL of water. After 12 min of exposure to 254-nm UV light, the precursor polymerized to give a transparent hydrogel. The structure of the copolymer P(AMD-AAB18C6) is shown in Scheme 1. The molar ratio of AAB18C6 in the polymer was 2.7%. The microcantilevers modified by 15-µm-thickness hydrogel containing AAB18C6 were prepared according to a previously reported method. 15 Deflection experiments were performed in a flow-through glass cell (Digital Instruments, CA). A V-shape microcantilever was immersed in deionized water.
Initially, water was circulated through the cell using a syringe pump. A schematic diagram of the apparatus used in this study was previously reported. 5 Microcantilever deflection measurements by the optical beam deflection method were carried out with an AFM photodiode. The bending of the cantilever was measured by monitoring the position of a laser beam reflected from the cantilever onto a four-quadrant photodiode. The cantilever was immersed in an electrolyte solution until a stable baseline was obtained, and the voltage of the position-sensitive detector was set as background corresponding to 0 nm.
A 15-µm thick layer of an AAB18C6 copolymerized gel, coated on the surface of a microcantilever, was initially exposed to a constant flow (4 mL/h) of deionized water. When solutions containing various concentrations of Pb 2+ solutions were injected into the fluid cell, the microcantilever became bent down, as shown in Fig. 1 . The microcantilever deflection increased as the concentration of Pb 2+ increased (for clarity, the lines are not shown). For each measurement, a 2.0-mL aliquot of Pb 2+ aqueous solution was switched into the fluid cell, where the microcantilever was held. It took 30 min for the injected Pb 2+ solution to flow through the fluid cell. At this time, the original water was circulated back into the fluid cell. This correlates well with our observations that the deflection of the microcantilever reached a maximum at ∼30 min after the injection of various Pb 2+ solutions. After this point, the microcantilever deflection gradually returned to its original position as the solution composition returned to water.
Control experiments were performed with an unmodified microcantilever and using a microcantilever coated with a 15-µm-thick hydrogel without the AAB18C6 component. No defection of the cantilever was observed upon exposure to a 10 -4 M solution of Pb 2+ , as shown in Fig. 1 . This is consistent with the observations from Asher's and our group. 14, 15 Hydrogel film stability experiments were conducted on a microcantilever coated by an AAB18C6 copolymerized hydrogel after one month and two months of storage in water. The cantilever deflection showed a similar profile and bending amplitude as those in Fig. 1 . Figure 2 is a plot of the maximum deflection amplitude of a microcantilever coated with AAB18C6 containing hydrogel versus the concentration of Pb 2+ . The plot shows that this microcantilever can be used for the detection of into the cavity of benzo-18-crown-6 in the hydrogel, as shown in Scheme 2. Since most hydrogels are relatively homogeneous materials that shrink or swell uniformly, with no dramatic change in shape, the microcantilever bending is reversible and reproducible.
The selectivity of this cantilever for Pb 2+ over K + and Na + can be readily explained by the size effects and the binding constants of benzo-18-crown-6 with Pb 2+ , K + , Na + , which has been well characterized in the literature. [16] [17] [18] The diameter of Na + (0.095 nm) is too small to be held in the cavity of a benzo-18-crown-6, i.e. the interaction between a benzo-18-crown-6 and Na + is weak. The size of benzo-18-crown-6 (0.134 -0.143 nm in diameter) matches the size of K + (0.133 nm in diameter) and Pb 2+ (0.148 nm in diameter), but the binding constant between Pb 2+ and benzo-18-crown-6 (log K = 3.2 in water for free benzo-18-crown-6 ligand) 18 in solution is higher than that of K + with benzo-18-crown-6 (log K = 1.8 in water for free benzo-18-crown-6 ligand). 18 Each point shown on the curve for Pb 2+ represents the mean ± SE from 3 independent determinations. The error induced by different microcantilevers was found to be within ±8%. The data show reasonably good reproducibility from cantilever-tocantilever.
The maximum analyte concentration in our experiments was at 10 -3 M. That a 10 -3 M Na + solution did not cause a significant deflection of the cantilever suggested that the ionic strength on the microcantilever bending can be neglected. Furthermore, in our experiments, the pH values of all the solutions were 7.0, which argues against pH effects on hydrogel shrinking as an explanation for our observations.
The expansion and contraction of gels allow chemical or electrical energy to be converted into mechanical work. Composite hydrogels have been well studied over the past 30 years. Recently, the hydrogel swelling upon the interaction of a specific analyte with receptors fixed to hydrogel polymers has been intensively studied by Asher. 19 Briefly, the standard hydrogel swelling theories elaborated by Flory 20 and Tanaka 21 could be used to explain the volume change of the hydrogel upon exposure to Pb 2+ . In these theories, the equilibrium hydrogel volume is determined by the summation of three energies:
where ∆Gmix is the free energy of mixing of the polymer chains with the solvent medium, ∆Gelas is the free energy of elasticity of the cross-linked network, and ∆Gion is the ionic electrostatic energy due to the Donnan equilibrium and the electrostatic repulsions between charged side groups on the polymer backbone.
The observed AAB18C6 copolymerized hydrogel swelling could be due primarily to an osmotic pressure increase from a Donnan-type potential that arises from the binding of Pb 2+ with benzo-18-crown-6 of the hydrogel (∆Gion). Repulsion between Pb 2+ -complexed benzo-18-crown-6 further swelled the hydrogel (∆Gion). When the solution in contact with the hydrogel was replaced with water, the benzo-18-crown-6 released the Pb 2+ and the electrolyte gel was converted back to neutral gel, which shrank the hydrogel.
Conclusions
Our study has shown that a hydrogel-modified cantilever can selectively respond to Pb 2+ at concentrations as low as 10 -6 M. The results suggested that hydrogels containing various molecular recognition receptors, such as crown ethers, could be a general method for modifying of the surface of microcantilevers for the detection of many chemical and biological species, because hydrogels have the property of converting chemical and electrical energy into mechanical energy.
